Disinfection by-products are contaminants produced during drinking water disinfection. Several DBPs have been implicated in a variety of toxic effects, mainly carcinogenic and genotoxic effects.
INTRODUCTION
Disinfection by-products (DBPs) are contaminants formed as a consequence of chemical disinfection of public drinking waters. The disinfectants, such as chlorine, can react with natural organic matter in surface waters leading to the formation of a complex mixture of DBPs. So far, more than 600 DBPs have been identified and reported in the literature; nevertheless, they represent less than half of all possible environmental DBPs. The most prevalent DBPs include the four trihalomethanes (THMs), chloroform, bromoform, chlorodibromomethane (CDBM) and bromodichloromethane (BDCM), the group of haloacetic acids (HAAs) and bromate anion. DBPs in drinking water are generally present at sub-μg/L or low-to mid-μg/L levels (Richardson et al. ) and some countries have regulated the levels of some DBPs in drinking water (Table 1, US Environmental Protection Agency (EPA) ). Moreover, World Health Organization (WHO) guidelines exist as well as European Union (EU) DBP standards (Table 1, EU Directive //EC ; WHO ).
Several DBPs have been confirmed as mutagenic, genotoxic and/or carcinogenic in different test systems (Richardson et al. ) . There is an increasing concern about the association of DBPs exposure with adverse developmental effects. Some individual DBPs have been found to cause developmental toxicity in mammalian assays at high doses (Ruddick et Chemical treatment of public water supplies is designed to kill pathogens that may exist in the drinking water, so the risk-benefit balance of water disinfection is considered positive. However some factors, such as the huge magnitude of the population affected, the distorted perception by the population of chemical risks, the availability of several alternative water treatment methodologies, the uncertainties in the hazard characterization of DBPs and the intrinsic limitations of the epidemiological studies, warrant the requirement of a better knowledge about DBPs toxicity and mechanisms of action (Colman et al. ) . In this study, we have explored the capabilities of the zebrafish embryo model in order to identify and characterize the potential embryotoxic and genotoxic effects of some DBPs. hours post-fertilization (hpf) and were incubated at 27 ± 1 W C on a 14-h light and 10-h dark cycle for 72 hours. The exposure was semi-static and solutions were renewed every 24 hours. Embryos were exposed to HAAs and sodium bromate in a 6-well culture plate (Greiner Bio-one, Germany). Ten embryos were randomly distributed into wells and filled with 5 mL of each solution. Each 6-well plate held five different concentrations of the test compound and the negative or solvent control. In order to prevent losses by volatilization, THMs were tested in 20 mL hermetically sealed glass vials.
Ten embryos per vial and treatment were exposed with 10 mL of each test solution. For each substance, three independent exposure experiments were conducted using eggs from independent spawning events (n ¼ 3). 
Evaluation of developmental effects

Hatching success and tail length measurement
From 48 hpf the embryos are able to hatch. Hatching success was recorded at 76 hpf as the percentage of embryos that hatched with respect to surviving embryos. The malformations observed in each embryo could affect its movement and consequently reduce or delay the hatching.
Therefore, motility was also assessed by touch evoked response as a complementary endpoint.
Embryos that had not yet hatched were dechorionated.
All embryos were anesthetized with buffered tricaine metha- 
Cell isolation and alkaline comet assay
After exposure for 72 h, seven surviving fish embryos for the treatments and control groups were processed for cell iso- 
Data evaluation
Concentration-response curves for mortality and teratogenicity were plotted for compounds that showed a clear 
RESULTS AND DISCUSSION
Exposure of zebrafish embryos to THMs
Exposure to the THMs selected in this study resulted in adverse developmental effects in zebrafish. The cumulative concentration-response curves for lethality and teratogenesis are shown in Figure 1(a reported a no effect concentration for chloroform of about 1.05 mM in rat whole embryo culture (WEC), similar to the EC 20 concentration reported in our study (EC 20 ¼ 0.7 mM).
Exposure of zebrafish embryos to five HAAs
The only HAAs that induced some morphological effects were DCA and TBA at high concentrations (Figure 3(b) and Table 3 ). Embryos exposed to DCA exhibited moderate pericardial edema whereas no lethality was observed up to 46.5 mM (Figure 3(a) and (b), Table 4 ). The estimated LC 50 , EC 50 , EC 20 and TI-values are represented in Table 3 . DCA were previously found to be developmental toxic in zebra- In our study, TBA exposure caused curvatures of the spinal column, swelling of the pericardia and small eyes ( Figure 3(b) , Table 4 ) with an EC 20 of 4.4 mM (1,300 mg/L, BCA exposure did not produce any adverse developmental effects at the highest concentration tested (30 mM, Table 3 ). In BCA-exposed tadpoles, some gut abnormalities and decreased growth were observed only at higher (Table 3) .
DBA was found to not produce any adverse developmental effect in vivo in mammals (Christian et al. b) .
Exposure of zebrafish embryos to sodium bromate
Sodium bromate showed embryotoxic effects on zebrafish only at very high concentration (LC 50 ¼ 65.4 mM, Table 3 ),
probably by an irrelevant non-specific effect. Small eyes and pericardial edema were the predominant sodium bromate-induced malformations in zebrafish embryos (Figure 3(b) and Table 4 ). As shown in Table 3 (Figure 4(b) ). If compared to the DNA damage produced by the positive control (Figure 4(a) ), has not yet been found, embryos possess a lower GST activity that could play a role not only in the weak mutagenicity observed but also in the low teratogenicity observed.
HAAs caused DNA breaks in Chinese hamster ovary cells (Plewa et al. ) and in the human derived hepatoma cell line (Zhang et al. ) . In our study, the strongest effect was found in sodium bromate-treated embryos with a median damage of 8% of DNA in the tail (Figure 4(c) ).
It has been reported that bromate induced DNA damage (SCGE assay) in mammalian cells through oxidative damage (Priestley et al. ) .
Exposure to DBPs in humans has been quantitatively assessed by measuring the concentration of DBPs and its is shown versus the logarithm of concentration tested. (b) Representative images of fish embryos exposed to DCA, TBA and sodium bromate at 76 hpf.
metabolites in blood, urine and exhaled breath after the oral intake of chlorinated water and after the dermal or inhalatory exposure during shower and bath. The reported blood levels in exposed humans are in the pg/mL range, with the highest levels of about 300 pg/mL for chloroform after a shower with a tap water surpassing the current standards 
CONCLUSIONS
Effect concentrations in zebrafish embryos support previous observation of a weak teratogenic and genotoxic potential of DBPs. The proximity of effect concentration of lethality and malformations suggest that probably the teratogenic effects are related to unspecific embryo toxicity. The effects are observed only at concentration levels well above those that can be attained in the fetal blood in humans exposed to chlorinated water, providing further evidence for only a weak teratogenic potential of DBP products. However, more studies are needed to explore the involvement of metabolism in the potential DBP toxicity and to extend our knowledge about exposure to mixtures and the possible developmental effects and genotoxicity. Finally, our study indicates that zebrafish embryos are as sensitive as other test systems and can be used as a potential screening and prioritization tool to assess a large number of DBPs.
